Abstract. Previous research has demonstrated the importance of attention in the development of survey (or configural) knowledge of the environment. However, it is unclear if attention is also necessary for the development of route knowledge. Our aim in this paper is to evaluate the specific role of attention in the acquisition of both route and survey knowledge during simulated navigation. In four experiments, subjects in a condition of full or divided attention were presented a series of routes through a simulated environment. Spatial learning was assessed by having subjects discriminate between old and novel route segments in a subsequent recognition test. Novel route segments consisted of old landmarks from the same route but in the wrong order or with wrong turns, or consisted of old landmarks from two separate routes, or contained old landmarks in new spatial relations to one another. Divided attention disrupted memory for sequences of landmarks (experiment 1), landmark-turn associations (experiment 2), landmark-route associations (experiment 3), and spatial relations between landmarks (experiment 4). Together, these results show that even relatively simple components of spatial learning during navigation require attention. Furthermore, divided attention disrupts the acquisition of spatial knowledge at both the route level and the survey level.
Introduction
Navigation through the environment typically involves a number of component tasks, which may include perceiving the immediate environment, moving towards a target, estimating distance to a target, recognizing a particular destination, determining the best route to travel between two places, knowing one's location and orientation at any point in time, estimating the distance and direction between two places, and understanding where places are located with respect to one another. The degree to which these tasks are successfully performed depends on many factors, including familiarity with the environment or route (Gale et al, 1990a) , complexity of the environment or route (Allen and Kirasic, 1985; Freundschuh, 1991) , individual differences in spatial abilities and visual memory (Albert, 1997; Allen et al, 1997; Pearson and lalongo, 1986) , and the amount of attention devoted to spatial learning during navigation (Lindberg and Garling, 1982; Sholl, 1996; Smyth and Kennedy, 1982) . Of these factors, the role of attention is largely unknown, and is thus the focus of the present study.
In contexts other than navigation, divided attention has been shown to interfere both with perception (Reinitz, 1990; Treisman and Schmidt, 1982) and with memory (Jacoby et al, 1989; Reinitz et al, 1994) . Within a navigational context, therefore, the division of attention between several tasks (such as having a conversation or using a cellular phone and following a route while driving) may negatively affect perception and subsequent memory encoding, and result in an incomplete or informationally impoverished mental representation of a route or environment. The inattentive learner would then be forced to rely on incomplete or inaccurate information to facilitate wayfinding.
In the present experiments we investigated how divided attention affects the acquisition of various aspects of spatial knowledge. We were specifically concerned with acquisition of route and survey knowledge. Route knowledge is the ability to follow routes and learn sequences of observed landmarks through the environment (Golledge et al, 1985; Siegel and White, 1975) , and survey knowledge is information about the global spatial configuration of an environment. Kuipers (1978) proposed that route knowledge consists of a sequence of view-action pairs. The navigating individual is aware that a certain action performed at a decision point will result in an expected view of the environment. A sequence of such view-action pairs enables an individual to navigate a route or compute what can be seen if a certain action is executed at a particular location. Thorndyke (1981) suggests that route knowledge may occur in one of two forms, ordered or unordered productions. Ordered productions are a set of view -action pairs in a sequential order. Unordered productions are a set of independently represented view -action pairs, without relations between each pair. This sort of representation was proposed by Golledge et al (1985) ; they suggested that route knowledge is a series of procedural descriptions involving a sequential record of decision-point landmarks. In the present study, we will be examining several important aspects of route knowledge, namely associating the correct turn with a landmark (view-action pair), sequencing landmarks along a route, associating landmarks to a particular route.
Survey knowledge refers to knowledge about the overall environmental layout and is characterized by global access to all spatial relations simultaneously, typically in the form of a cognitive or mental map of the environment. Survey knowledge may be thought of as an aerial view of the environment, containing information such as the location of landmarks, road network, and distinct regions and boundaries. Survey knowledge allows the navigator to perform such tasks as estimating straight-line distances between landmarks, estimating directions between unseen landmarks, and calculating shortcuts during navigation.
Previous studies have shown that attention is essential in the formation of survey knowledge of the environment (Lindberg and Garling, 1982; Smyth and Kennedy, 1982) , but it is unclear whether it is necessary in the formation of route knowledge. Lindberg and Garling (1982) had subjects traverse a route in a condition of full or divided attention, followed by a test in which subjects gave distance and direction estimations between various landmarks along the route. They found that subjects in both attention conditions improved with repeated exposure, irrespective of the number of route segments and direction changes along the route. They speculated that subjects in both conditions were able to store information about the route (such as distance and direction changes) while walking, and used that information to infer the distance and direction between landmarks along the route. However, subjects in the full-attention condition are believed to have encoded the locations of landmarks, as indicated by a lack of an increase in latencies in distance estimation and direction estimation, as a function of the number of path segments between the position of the distance or direction estimation and the target landmark. The authors concluded that attention is necessary to encode information concerning the location of reference points, but is unnecessary for encoding information about the locomotion path. Smyth and Kennedy (1982) investigated the effects of divided attention upon orientation. They found that divided attention decreased accuracy in locating unseen landmarks and resulted in fewer items from the route being recalled from memory.
However, divided attention did not prevent subjects from recognizing the shape of a simple route. Smyth and Kennedy (1982) suggest that this dual effect may be a result of two separate subsystems: the use of a spatial representation (which is responsible for acquiring knowledge about the locomotion path), and the use of a frame of reference (which is used to determine the locations and directions of reference points on the route). Therefore, Smyth and Kennedy (1982) suggest that divided attention disrupts the ability to learn where landmarks are located with respect to one another, but that it is still possible to acquire a representation of the shape of the route.
The studies by Lindberg and Garling (1982) and Smyth and Kennedy (1982) demonstrated a differential effect of attention on different components of spatial learning. Attention was necessary for learning spatial relations between landmarks, but not for representing the shape of a route in memory. However, in neither study was route knowledge comprehensively examined. Therefore, the purpose of this study is to examine the role of attention in the formation of route, as well as survey knowledge. Four separate experiments were conducted to investigate the specific aspects of route and survey learning that require attention. All of the experiments utilized a recognition memory paradigm originally developed by Reinitz et al (1992) , which assumes that false recognition responses indicate a failure on the part of subjects to encode specific information about the environment. In experiment 1 we examine the role of attention in learning a sequence of landmarks along a route. In experiment 2 we examine whether attention is required for learning landmark-turn associations. In experiment 3 we examine attentional effects on learning the association between landmarks and the routes in which they occurred. In experiment 4 we examine the role of attention in learning the spatial relations between landmarks that define configuration. The result of these four experiments is a more complete picture of attention in the spatial learning process during simulated navigation.
Experiment 1: Learning the sequence of landmarks
One of the primary tasks during navigation is to learn the sequence of landmarks along a route. Knowledge of which landmarks follow one another along a route may help the navigator associate a particular set of turns with each landmark, as well as make relative distance estimations between landmarks along a route. For example, if the navigator knows the sequence of landmarks A -B -C\ A' must be closer to 'B' than 'C along the route. However, this knowledge alone is not useful for being able to retrace a route or estimate the absolute distances between landmarks along the route. In experiment 1 we examine the effects of divided attention on learning the sequence of landmarks along a route.
Subjects A total of sixteen (six females, ten males) subjects participated in experiment 1. Subjects were paid $10 for participating. Each subject was run in individual sessions lasting approximately one hour.
Simulated environment Two simulated routes were created on a Silicon Graphics Indigo 2 workstation. Each route was displayed on a 20 inch color monitor using the graphics library of Silicon Graphics Inc. with a resolution of 1280 (horizontal) x 1024 (vertical) pixels. Subjects sat 65 cm from the monitor, so the display subtended 24 degrees vertically and 41 degrees horizontally. The dimensions of all features and viewing parameters were scaled to be consistent with actual navigation. Therefore, the metrics associated with all features are consistent with their perceived size during actual navigation. Sizes and distances in the descriptions of the stimuli that follow are given in terms of their equivalent real-world metrics. Both routes contained landmarks, a gridded road network, textured ground plane, and colored sky. Both routes contained six landmarks in the form of buildings or other familiar objects such as trees, billboards, and traffic signs (see figure 1 ). All landmarks differed from one another in both color and shape, and ranged from 3 meters to 20 meters in height. All roads were separated by 100 meters, and each road was 10 meters wide.
Route presentation Both routes were presented as a continuous drive corresponding to a constant speed (11 km/hour) from a viewing height of 1.5 meters off the ground. The maximum viewing distance corresponded to 100 meters. This was controlled by fog which makes landmarks beyond 100 meters blend into the background. Landmarks were located at a distance equivalent to 10 meters from a road intersection and were always associated with a change in direction of motion (left or right turns). The placement of landmarks was balanced between the left and right side of the road for each route, and each route varied in the sequence of turns. Both routes were the same duration (90 seconds), and the distance between all landmarks was the same for all routes. This was a deliberate effort to control for presentation time of landmarks both within and across routes. Landmarks were only visible to the subject in a sequential order, and only one landmark was clearly visible at any one time.
Procedure Subjects were instructed to learn each route such that they would be able to drive it on their own. All subjects were presented both routes, one in a divided-attention condition, and one in a full-attention condition. The divided-attention condition involved hearing over headphones a random string of digits (1-9); subjects pressed the mouse key after hearing three odd or three even digits in a row. There was a random delay of 1.0 or 1.5 seconds between each digit presentation. The variable delay was employed to reduce the chance of subjects developing a set pattern of shifting attention between the numbers and the route. Subjects received feedback on their accuracy following each route presentation, and were given a warning if their accuracy fell below 50% for either the even or odd triplets. In the full-attention condition subjects also heard the random digit stream but were not required to respond. The attention order was counterbalanced, so half of the subjects learned the first route in the full-attention condition, followed by the divided-attention condition. The other half of the subjects learned the first route in the divided-attention condition, followed by the full-attention condition.
Following the presentation of each route, subjects were given a 10 minute test on a variety of verbal abilities, followed by a route test. This sequence was repeated for both routes. This delay between the route presentation and route test was used to guarantee that-subjects' performance in the route test^wasbased on long-term-memory, and not on immediate perception or short-term memory. Prior to the start of the first route, a practice session was given to all subjects in both the full-attention and the dividedattention conditions. The routes used in the practice session contained landmarks which were not seen during the subsequent experiments.
Route test The route test involved presenting subjects a set of 10 route segments in the form of short clips in a random order. Each clip lasted 25 seconds and contained two landmarks, with the correct turn at each landmark. After the clip, subjects responded using the keyboard as to whether the clip was correct ("yes") or incorrect ("no") based on the previously presented route. Two different types of test clips were used: (1) Old clips: Route segment contained the correct sequence of previously seen landmarks, for example A-B or C-D.
(2) Reshuffled clips: Route segment contained landmarks in a reshuffled sequence, for example B-A or D-C.
The only difference between old and reshuffled clips was the sequence of landmarks. For each route test, subjects received 5 old (correct) clips and 5 reshuffled (incorrect) clips. Response time was not measured.
Results of experiment 1
Performance was calculated as the number of hits ("yes" response for old clips) minus false alarms ("yes" response for reshuffled clips) for each attention condition. Performance may range from -5 to 5. A score of 5 represents a perfect score (perfect discrimination between clips), whereas a score of 0 represents chance performance. A score of -5 would indicate that the subject had actually learned an incorrect sequence of landmarks.
Prior to examining data on the navigation task, the results from the digit-monitoring task were analyzed in order to confirm that subjects had devoted a sufficient amount of attention to the digit-monitoring task. Accuracy was measured for each route presentation as the number of hits (response within 1.2 seconds of the third consecutive even or odd digit) divided by the total number of even and odd triplets presented in each attention condition. Also, false alarms were checked to make sure they did not exceed the total number of hits. Percentages were used since not all subjects received the same number of even-number and odd-number triplets owing to the random presentation of digits. Results indicated an overall mean accuracy of 80% for both routes. In addition, all subjects for both routes had fewer false alarms than hits. There was no statistical evidence for a presentation-order effect on discriminating between old and reshuffled clips, p > 0.10 for the attention conditions. Divided attention resulted in lower performance (see table 1, over). A single factor within-subjects ANOVA revealed a significant main effect of the attention condition, F (1,15) -15.78, p < 0.001. A one-sample t-tsst indicated that divided-attention subjects were at chance on the old/reshuffled test, * (15) = 1.89, 0.05 <p< 0.10. Performance on the old-reshuffled test in the full-attention condition was significantly above chance, t (15) = 5.80, p < 0.001.
Discussion of experiment 1 Divided attention interferes with the process of learning the sequence of landmarks along a route. Subjects were less able to discriminate between old and reshuffled clips in the divided-attention condition compared to the full-attention condition. Therefore, in the absence of full attention, the formation of ordered productions (an important aspect of route knowledge; Thorndyke, 1981) becomes extremely difficult. As memory for landmarks was not tested, it is uncertain whether the discrimination between the old and reshuffled clips in the divided-attention condition was a result of the inability to remember landmarks or of the inability to encode landmark sequences. Because performance in the divided-attention condition was statistically at chance, subjects may have simply been unable to encode the landmarks into memory. Therefore, chance performance may reflect a failure to remember landmarks rather than the specific inability of learning the sequence of landmarks. One way to eliminate the possibility that chance performance reflected a failure to remember landmarks is to give subjects a recognition test containing old and new landmarks. If subjects are able to discriminate between old and new landmarks, then the results of experiment 1 would be due to the inability on the part of divided-attention subjects to learn landmark sequences. The results of a series of one-sample t-tcsts in experiments 2-4 showed that subjects' performance for discriminating between old and new landmarks was significantly above chance in both attention conditions, p < 0.01 in all cases. It is therefore likely that divided attention selectively disrupted memory for the sequence of landmarks along a route.
Experiment 2: Learning landmark-turn associations
Another important aspect of route knowledge is being able to associate the correct action with a landmark. An action may be to turn in a particular direction or simply to continue forward. Typically, one way to follow a route or give directions is to associate a turn with a particular landmark, for example "turn left at the gas station." It is clear that knowing landmark-turn associations is essential in successfully following a route. The purpose of experiment 2 was to examine the effects of divided attention on learning landmark -turn associations.
Subjects A total of sixteen subjects (eight male, eight female) participated in experiment 2. None of the subjects had participated in experiment 1. Subjects received $10 for their participation, and were run in individual sessions lasting one and a half hours.
Simulated environment and procedure The same simulated environments, viewing parameters, and procedure used in experiment 1 were also used in experiment 2, except that subjects were presented two routes in a full-attention condition, and two routes in a divided-attention condition. Landmarks and turn sequences were unique for all four routes. Verbal ability tests were given in between each of the four routes.
Route test The test phase of experiment 2 was the same as experiment 1, with a few exceptions. Subjects were instructed to determine if they had seen the clip on the old route, or whether that clip was new. Subjects were told a new clip might contain a landmark with the opposite turn or contain a completely novel landmark. Subjects were presented three different types of clips:
(1) Old clips-route segment contained two landmarks, with the correct turn at each landmark; for example A, left; B, right.
(2) Opposite clips-route segment contained two landmarks, one of which had the opposite turn as seen during the learning phase; for example A, left; B, left. (3) New clips-route segment contained two landmarks, one of which was seen during the learning phase, and one of which was novel to the subject; for example A, left; X, right.
Each test involved presenting subjects with 5 old clips and either 5 opposite or 5 new clips, in a random order. Only a single type of incorrect clip was used for each test in order to get unbiased measures of the hit and false-alarm rates associated uniquely with each type of distractor. Therefore, subjects saw a total of 10 clips, half of which were correct (old), and half of which were incorrect (opposite or new). For two tests subjects discriminated between old and opposite clips, and for the other two tests subjects discriminated between old and new clips. The new landmarks were visually similar to the other landmarks used in the experiment. The presentation order of the attention condition and distractor clips was counterbalanced.
Results of experiment 2
Performance was calculated as the number of hits ("y es " response for old clips) minus false alarms ("yes" response for opposite or new clips) for each attention condition. Results from the digit-monitoring task indicated a mean accuracy of 88% for all four routes. There was no statistical evidence for an effect of presentation order on the discrimination between test clips, p > 0.10, for all conditions. Similar to experiment 1, divided attention resulted in lower performance (see table 2). A 2 (full versus divided attention) x 2 (old/opposite versus old/new test) within-subjects ANOVA revealed a significant main effect of the attention condition on performance, F (1,15) = 18.26, p < 0.001. There was neither a main effect for test (old/opposite versus old/new test) nor an interaction effect between test and attention condition, F (1,15) • = 1.56, p > 0.05, and F(l,15) = 0.65, p > 0.05, respectively. A paired-samples /-test showed significantly better performance for the old/opposite test in the full-attention condition than in the divided-attention condition, £(15) = 3.51,/?<0.01. Results from a series of one-sample /-tests showed that performance in all conditions was significantly above chance, p < 0.001 in all cases. Discussion of experiment 2 As in experiment 1, divided attention resulted in lower performance. Specifically, divided attention significantly disrupted the acquisition of landmark-turn associations. Subjects were less able to discriminate between old and opposite clips when attention was divided as compared to learning the route with full attention. Despite this, all subjects were well above chance on the old/new test, indicating some preserved memory for landmarks. Together, these findings offer further evidence that attention is necessary in the formation of route knowledge. This result is all the more impressive given that the route only contained 6 landmarks and turns. During actual navigation many more landmarks and turns would likely be encountered.
Experiment 3: learning landmark-route associations
In domains other than spatial learning it has been demonstrated that attention plays a crucial role in binding items to their contexts (Jacoby et al, 1989; Reinitz et al, 1994 ). In the absence of attention, items are encoded into memory but are not bound to the learning context. We believe a route can be conceived of as a context to which individual landmark representations are bound. Therefore, when attention is divided during navigation, subjects should have difficulty in assigning landmarks to their routes. Experiment 3 examines how well subjects are able to associate landmarks to particular routes, an important aspect of route knowledge.
Subjects A total of sixteen subjects (ten females, six males) participated in experiment 3. None of the subjects who participated in experiment 3 had participated in experiments 1 or 2. Subjects were paid $10 for their participation in the experiment and were run individually in sessions lasting one and a half hours.
Simulated environment and procedure Subjects were presented a total of eight routes in the form of four route pairs. Two route pairs were presented in a divided-attention condition, and two pairs were presented in a full-attention condition. Subjects were asked to learn each route in such a way that they would be able to follow it on their own, paying particular attention to the landmarks along each route. Each route was unique in terms of the sequence of turns and landmarks. Landmarks within each pair were presented in the same sequence of colors to control for the possibility that subjects were simply using the sequence of landmark colors to learn the routes.
Route test Following the presentation of each pair of routes, subjects were given a 10 minute verbal abilities test, followed by a route test. This sequence was repeated 4 times, once for each pair of routes. Each test involved the presentation of 12 route segments in the form of short clips in a random order. Each clip lasted 25 seconds and contained 2 landmarks, with a turn at each landmark. Subjects were instructed to determine if they had seen that clip on either of the two (old) routes, or whether that clip was new. Subjects were told a new clip might contain landmarks miscombined from separate routes or contain a completely novel landmark. There were three types of clips:
(1) Old clips contained two landmarks from the same route, for example A, left; B, right or M, left; N, right.
(2) Miscombined clips contained one landmark from each of the two routes, for example A, left; N, right. (3) New clips contained one old and one new (previously unseen) landmark, for example A, left; X, right. Each test sequence involved the presentation of 6 old clips and either 6 miscombined or 6 new clips, in a random order. Therefore, 2 tests contained old and miscombined clips, and 2 tests contained old and new clips. When miscombined clips were the distractor stimuli, the landmarks from the first route appeared in the first position for three miscombined clips, and in three clips they appeared in the second position. All landmarks were miscombined in such a way as to preserve the correct sequence of actions for each portion of the route. Three of the new clips contained a new landmark in the first presentation position, and three new clips contained the new landmark in the second presentation position. The presentation order was counterbalanced for the attention condition and distractors.
Results of experiment 3
Recognition performance was calculated separately for each test, and was measured as the number of hits ("yes" responses to old clips) minus the number of false alarms ("yes" responses to miscombined or new clips). Results on the digit-monitoring task indicated a mean accuracy of 82% for all 8 routes. There was no statistical evidence that the order of attention conditions or distractors influenced performance on any of the four tests, p > 0.10 for all conditions. A 2 (full versus divided attention) x 2 (old/miscombined versus old/new test) within-subjects ANOVA revealed a significant main effect of the attention condition .F(l,15) = 95.33, p < 0.001; divided attention significantly decreased overall performance_(seetable 3). There was_ a significant main effect of test typejon performance; subjects were better at discriminating between old and new clips than between old and miscombined clips, F (1,15) = 15.23, p < 0.001. The interaction between test (old-miscombined versus old-new) and attention condition was also significant, ^(1,15) = 10.57, p < 0.01. This indicates that divided attention produced a greater discrimination deficit for miscombined clips than for new clips. A paired samples t-test was performed to compare between the attention conditions for the old-miscombined clip test. Results showed significantly better performance in the full-attention condition, t (15) = 7.41, p < 0.001. For divided-attention subjects, discrimination performance for old versus miscombined clips was not significantly different than zero, t (15) = 1.30, p > 0.05. However, performance in the divided-attention condition for discriminating between old and new clips was significantly above chance (greater than zero), t (15) = 7.38, p < 0.001 indicating that subjects were able to encode landmarks into memory. Performance in both full-attention conditions was significantly above chance, t (15) = 11.98,/? < 0.001, and t (15) = 12.70,/? < 0.001 for miscombined and new clips, respectively, indicating that these subjects were able to associate landmarks correctly with their corresponding routes. Discussion of experiment 3 Experiment 3 provides additional evidence that attention is critical in route learning. In the absence of full attention, subjects were likely to miscombine landmarks from separately learned environments. Performing the concurrent task was so demanding that discrimination between the old and miscombined clips was at chance. However, even in the full-attention condition, subjects sometimes miscombined landmarks and routes. Subjects in conditions of both full and divided attention were easily able to discriminate between old and new clips. This suggests that the effects seen on the discrimination between old and miscombined clips in the full and divided attention conditions were not a result of general failure of memory, but rather were specific to incorrectly associating landmarks to routes. Navigators may therefore miscombine landmarks into a route during the early stages of spatial learning, for instance, when they visit a new city. However, the likelihood of such miscombinations is clearly much larger when subjects perform a concurrent task during the learning process. Divided attention essentially pulls apart the landmark from the context in which it was learned. Navigators who performed a concurrent task during learning are still able to remember previously encountered landmarks. This may lead to the ability to detect when they are on the wrong path by noting certain landmarks as novel, but may also lead them astray if landmarks from a previously learned route (such as commonly occurring service-station or restaurant brands) are encountered along the way. Experiment 3 provides a clearer understanding of the internal structure of a route. In the absence of full attention, a route is not an integrated set of landmarks, but is a set of loosely combined landmarks that may be miscombined with other route structures.
Therefore, individual landmarks of a route may be interchangeable with other routes depending on the amount of attention used during spatial learning. Landmarks may not only be miscombined across routes, but within the same route as well. For example, if a navigator learns the same route at different times or from different perspectives, he or she may miscombine the sequence of landmarks.
Experiment 4: learning spatial relations among landmarks
Experiments 1-3 demonstrated the importance of attention in developing route knowledge. The purpose of experiment 4 is to determine the specific role of attention in acquiring survey knowledge. Previous studies have shown that attention is essential to learn the location of landmarks based on direction estimations during navigation in the real world (Lindberg and Garling, 1982; Smyth and Kennedy, 1982) . Experiment 4 differs from these studies by testing subjects on their ability to discriminate between correct and incorrect spatial configurations of landmarks in a simulated environment.
Subjects A total of sixteen (ten female, six male) subjects participated in experiment 4. None of the sixteen subjects participated in any of the other experiments. Subjects were paid $10 for their participation and were run in individual sessions lasting one and a half hours.
Simulated environment and procedure
The simulated environments and procedure used in experiment 4 were the same as those used in experiments 1 and 2, with the following exceptions. Subjects were asked to learn the locations of all landmarks with respect to one another. Subjects were presented a total of four routes. Each route contained six landmarks with a turn at each landmark. The presentation time of each route was 120 seconds. Each route was presented twice in a row (without delay) as, based on the results of a pilot study, subjects needed two trial exposures to acquire survey knowledge of the environment. Following the second viewing of each route, subjects were given a 10 minute verbal-ability test, followed by a test of survey knowledge.
Test of survey knowledge
The testing phase involved presenting subjects 10 test clips in a random order. Unlike the clips in experiments 1-3, which contained only two landmarks, all test clips in experiment 4 contained three landmarks. Three landmarks were presented to test subjects' knowledge of complex configural relations between landmarks. The subjects were asked to determine if each clip was possible or impossible. Unlike the first three experiments which used clips directly from the same route, experiment 4 tested how well subjects were able to learn the location of landmarks by testing their ability to identify new views of the previously learned environment. A new route clip contained a different set of road segments and turns at each landmark. The virtual world was the same, only the routes through the world were different from those previously seen by the subject. New routes were used for all clips so subjects would not be able to use their knowledge of landmark sequences to determine correct and incorrect landmark locations. Rather, subjects must rely only on their knowledge of landmark locations to determine if each clip is possible or impossible. Three different types of test clips were used: (1) Possible clips-route segment contained three old landmarks in their correct locations.
(2) Impossible clips-route segment contained three old landmarks, but with one landmark in an incorrect location. (3) New clips-route segment contained two old landmarks, along with one new landmark (previously unseen). The new landmark was in the position of an old landmark.
For each test, subjects received 5 possible clips and either 5 impossible or 5 new clips. Therefore, for each route subjects were presented a total of 10 test clips, half of which were correct (possible), and half which were incorrect (impossible or new). Therefore, 2 tests contained possible and impossible clips, -and-2 tests contained possible and new clips. The presentation order was counterbalanced for the attention conditions and distractors.
Results of experiment 4
Results of the digit monitoring task indicated a mean accuracy of 77% for all route presentations. There was no statistical evidence that the order of attention conditions or distractors influenced performance on any of the four route tests, p> 0.10 for all conditions.
A 2 (full versus divided attention) x 2 (possible/impossible versus possible/new test) within-subject ANOVA revealed a significant main effect of the attention condition on performance, F(l,15) = 19.74, p < 0.001. As expected, divided attention significantly decreased overall performance (see table 4). However, there was not a significant effect of test type on performance, F (1,15) =' 1.71, /7 > 0.10. Performance was not significantly different for discriminating between possible and impossible clips and between possible and new clips. The interaction between test and attention condition was not significant, F (1,15) = 0.08, p > 0.10. A paired-samples /-test was performed to compare between the full and divided-attention conditions for the possible-impossible test. Results showed significantly better performance in the full-attention condition, t (15) = 3.13, p < 0.01. A one-sample /-test indicated that the ability of divided-attention subjects to distinguish possible from impossible clips was not significantly different from zero (chance), / (15) = 2.07, 0.05 <p < 0.10. However, divided-attention subjects retained some ability to discriminate between possible and new clips, / (15) = 3.77, p < 0.01. Performance in both full-attention conditions was also significantly above chance, indicating that subjects had encoded at least some of the landmarks and their spatial relations into memory, p < 0.001 in both conditions. Discussion of experiment 4 Experiment 4 showed that attention is crucial for learning the spatial relations among landmarks. In the divided-attention condition, subjects were less efficient at discriminating between possible and impossible clips than they were in the full-attention condition. Furthermore, the effect of divided attention was so strong that discriminating between possible and impossible clips was at chance. However, subjects were still able to encode some of the landmarks into memory, indicated by above-chance performance in the divided-attention condition for discriminating between possible and new clips. Therefore, divided attention appears to disrupt the acquisition of the spatial relations among landmarks, rather than simply causing a failure to encode landmarks into memory. Experiment 4 provides further evidence for the critical role of attention in the formation of survey knowledge. Not only is attention important in making direction estimations between landmarks during actual navigation (Lindberg and Garling, 1982; Smyth and Kennedy, 1982) , but attention is also essential in learning the spatial configuration of landmarks during simulated navigation.
Conclusions
Previous studies have shown that spatial learning under divided-attention conditions adversely affected learning the location of landmarks, although memory for the overall shape of the route was not affected (Lindberg and Garling, 1982; Smyth and Kennedy, 1982) . However, in those studies route knowledge was not comprehensively examined.
In the current experiments we tested the specific role of attention on the formation of different aspects of route knowledge. Experiment 1 showed that attention is needed to learn the sequence of landmarks along a route. This was seen by an inability to discriminate between landmarks in a correct and incorrect order when attention was divided. Experiment 2 showed that attention is needed to learn landmark-turn associations. Subjects in the divided-attention condition were significantly worse at discriminating between landmarks with correct and incorrect turns as compared to subjects with full attention. Experiment 3 showed that attention is needed to bind landmarks and routes together into a single context. When attention was divided, subjects were more likely to miscombine landmarks from different routes. Experiment 4 tested the specific role of attention in the development of survey knowledge. When attention was divided, subjects were significantly worse at discriminating between possible and impossible spatial configurations, as compared to subjects with full attention. Furthermore, an old/new recognition test in experiments 2-4 showed that the effects of divided attention on spatial learning were not a result of a general failure to encode the landmarks into memory. In experiments 2-4, subjects with full and divided attention were able to discriminate between old and new landmarks, however performance was negatively affected by divided attention. Together, results from these four experiments provide strong evidence that attention is necessary to perform successfully a variety of spatial learning tasks during simulated navigation. In all four experiments, performing a concurrent task severely disrupted the spatial learning process. This is consistent with previous studies which have also demonstrated that spatial learning during navigation is an effortful process (Lindberg and Garling, 1983) . Furthermore, the present experiments demonstrate that attention is needed for the acquisition of different types of route and survey knowledge. We believe that divided attention during navigation does not selectively disrupt the acquisition of specific types of spatial knowledge. Rather, attention appears to be critical in the formation of both route and survey knowledge.
Based on one model of working memory, there are two possible explanations of the results of this study. First, the digit-monitoring task might have selectively interfered with certain tasks (such as learning the sequence of landmarks, landmark -turn associations, landmark -route associations, and landmark locations) because they are processed in the same subsystem of working memory as the digit-monitoring task, which limited the cognitive resources to process both types of information concurrently. The task of encoding landmarks into memory might have involved a different subsystem of working memory as the digit-monitoring task, so that cognitive resources were not in competition. By this explanation, effects of divided attention on some types of learning, but not on landmark learning, result from overlapping processing demands between the attention task and those tasks that showed impaired performance.
Alternatively, performing the digit-monitoring task may have produced a general reduction of available resources that interfered with only the more complex tasks of learning the sequence of landmarks, landmark -turn associations, landmark-route associations, and landmark locations, and may have left the less demanding task of encoding landmarks into memory unimpaired. Although both explanations are plausible, we prefer this second explanation for two reasons. First, there is evidence that very different attention-monitoring tasks have similar effects on memory performance. Reinitz et al (1994) had subjects count sequences of rapidly flashed dots in order to study the effects of divided attention on face memory. Although their divided-attention manipulation (counting flashed dots) was quite different from the one used here, their patterns oLresultswere_quite similar to some-oLours. If the resultswere due to the specific attention manipulation that was used, then different manipulations should produce different patterns of results. Second, all aspects of the current task were highly visual and nonverbal. It would seem that encoding various relations in the phonological loop would be extremely inefficient and demanding given the constraints of the experiments. However, additional research might look more closely at the specific mechanism by which attention produces its effects on spatial learning.
Many studies have used videotapes or desktop virtual environments to examine spatial learning during simulated navigation Gale et al, 1990b; Goldin and Thorndyke, 1982; Tlauka and Wilson, 1994; ) . One of the primary considerations in these studies is how the results apply to real-world navigation, since subjects are not able to benefit from vestibular cues and proprioceptive information. Despite this limitation, we feel that the use of desktop virtual environments offers a valuable method to study spatial learning, with several distinct advantages over real-world navigation. Unlike measuring spatial learning during real-world navigation, the use of a virtual environment allows complete control over parameters such as viewing angles and distance, landmark design, location, exposure time, and route duration. It is difficult if not impossible to control these parameters during real-world navigation experiments, which often proves problematic in interpreting results. Thus the current technique and techniques involving actual navigation are limited, though in different ways. The best understanding of spatial learning will probably come from an integration of the two types of studies.
The results of this study may be applied to the design of in-vehicle navigation systems. One of the central concerns of designing these systems is how to provide directional and route information to the driver which can be processed quickly and without much cognitive effort since most of the driver's attention is focused on the driving task (Aim, 1993; Deakin, 1996; Streeter and Vitello, 1985; Wierwille et al, 1988) . This study demonstrated that divided attention negatively impacts both encoding landmarks into memory and learning relational information between landmarks. Therefore, extra care should be taken when providing information to drivers about landmarks in a graphical or auditory mode. Only a limited number of landmarks should be provided to the driver at any one time. The exact number of landmarks which can be safely processed while driving has yet to be experimentally determined, and may be a valuable area for future research. Also, information in this study was given in two modalities (auditory and visual). If anything, this should be less cognitively demanding, since the same cognitive resources are not split up to process information within the same modality (Treisman and Davies, 1973) . Since attention has been shown to be particularly important to bind together separate pieces of information into memory, special emphasis should be given to reduce the demands of this task while driving. For example, relations among landmarks and turns along a route should be made clear, and instructions should not refer to more than one landmark at any given time.
